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Ideas about the role of RNA in learning and memory
have a checkered past. A new study in Drosophila,
synthesizing classical forward genetics with DNA
microarrays, brings us closer to seeing that role
clearly.
”A worm, with very few exceptions, is not a human
being.” Young Frankenstein by Mel Brooks
The history of ideas on the role of RNA in learning and
memory is colorful. In the early 1960s, when RNA was
the newly proclaimed carrier of genetic information, an
ad-man turned psychologist, James V. McConnell,
reported experiments on planaria claiming that memory
could be transferred from trained to untrained individu-
als directly through RNA [1]. This line of research pro-
ceeded from his prior work on memory transfer through
cannibalism in these flatworms. There, he took advan-
tage of the fact that starved planaria are cannibalistic,
so that if he took animals that had been conditioned,
chopped them into small pieces (to inhibit regeneration)
and then fed them to untrained flatworms, the naive
cannibals learned the task more quickly [1]. These find-
ings, while reminiscent of the way cultural anthropolo-
gists depict the practice of cannibalism as acquisition
of the deceased’s prowess, suggested a bio-assay and
were soon followed by direct injection of RNA extracted
from trained flatworms into naive flatworms. As
expected, the injections worked and the memory was
dutifully transferred with the RNA [2].
Eccentric as these experiments may seem, they
were not out of line with the thought of the day. Holger
Hydén [3] had shown in 1962 that neurons from the
lateral vestibular nucleus of the rat alter and increase
their RNA content after learning a motor task, and
postulated that RNA may encode memories. These
studies started a small industry of findings on macro-
molecular memory transfer in rats — not up to the epi-
curean standard of McConnell’s, but sufficient to
feature prominently in two chapters of F.O. Schmitt’s
1967 seminal volume The Neurosciences: A Study
Program [4]. Research waves of this sort illustrate the
common occurrence in science of finding what you
look for. Eventually, proper controls and adequate
sample sizes caught up with the wave and caused it
gradually to subside.
Surviving the backwash, however, was the germ for
a future line of research — the finding that inhibitors of
RNA and protein synthesis block formation of long-
term memory when administered at the appropriate
time [5,6]. These findings ultimately blossomed during
the last decade into the current studies of gene
expression and gene regulation associated with long-
term memory. Sparked initially by the demonstration
in Aplysia that injection of an oligonucleotide that
binds up cAMP-responsive element binding protein
(CREB) blocks long-term facilitation, a flurry of sub-
sequent papers reported CREB effects on long-term
memory formation in flies, mice and rats [7].
All of these reports raised the question of which
genes were being regulated to initiate and maintain
the synaptic changes that make long-term memory
possible. With the advent of gene chip technologies,
profiles of ‘learning-specific’ genes began to appear
[8,9]. But when chip studies do no more than catalog
the genes that differ in expression under some
circumstances, no firm conclusions can be drawn.
How does one get beyond the level of molecular
taxonomy? This is a problem faced by anyone caught
up in the current wave of gene profiling.
A separate line of inquiry into the question of
genetic mechanisms associated with memory began
in the mid-1970s with studies of the fruit fly
Drosophila. Unbiased, forward genetic mutant screens
in the fly had assembled a list of 10 genes that disrupt
learning or particular phases of memory consolidation
[10]. The first two genes to be identified by these
mutants were clearly part of the cAMP system in
neurons — coding for cAMP phosphodiesterase and
adenylyl cyclase — and their identification dovetailed
nicely with the picture emerging from physiological
and biochemical studies of synaptic plasticity in
Aplysia [11]. Additional genetic disruptions of cAMP-
dependent protein kinase in the fly reinforced this
emerging picture [10]. These mutant studies had the
virtue of functional validation — if the mutant cannot
learn or remember, then the gene is presumably
necessary for the process. But they also had the
drawback of being slow to accumulate — ten mutants
in twenty-five years, which would only be adequate if
it accounted for most of the genes.
A solution to the descriptive limitations of gene
profiling and the slow pace of mutant isolation has
now been accomplished by a synthesis between the
two approaches, in the study reported in this issue of
Current Biology by Dubnau et al. [12]. On one hand,
these investigators have carried out a large-scale
screen for new mutants (N = 60) defective in long-term
memory, and on the other hand, they have performed
a DNA microarray analysis to identify genes (N = 42)
expressed in the brains of flies under conditions that
produce long-term memory. The first major accom-
plishment of these efforts is to increase by an order of
magnitude the number of genes implicated directly or
indirectly in the machinery necessary for long-term
memory. These genes run the gamut of biological
functions and promise to keep these investigators,
and many others, busy for some time in working out
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their precise roles. Along the way, this study also
introduces an improved statistical method for array
analysis, and a new PCR-based method for identifica-
tion of transposon insertion sites.
More pointedly, Dubnau et al. [12] have also
determined the overlap between the two sets of genes,
and tested additional mutants suggested by the
overlap. The result is the first demonstration of a
requirement for the machinery of mRNA localization
and translational regulation in the consolidation of long-
term memory. The approach relies on training protocols
that had previously been shown to produce 3 hour
versus 1 day memory of an odor made aversive when
coupled to electric shock in the fly [13]. The difference
between short-term and long-term memory induction
depends on whether these trials are administered all at
once (‘massed’) or with 15 minutes intervals (‘spaced’).
This distinction provided the criterion for judging
mutants — are they normal for immediate memory but
abnormal for long-term memory; and for profiled genes
— are they differentially expressed when comparing
massed to spaced training?
The microarrays pointed to the mRNA localization
genes staufen, oskar and moesin, and the translational
regulation genes pumilio, orb, eIF2G and eIF5C, as up-
regulated selectively after spaced training. The mutant
screen isolated new alleles of three of these genes —
oskarnorka, pumiliomilord, and eIF5Ckrasavietz — as
showing defective long-term memory. Extant mutants
in a fourth gene, staufen, were tested and also found
to have abnormal long-term memory. The last case is
particularly instructive, because it employed a combi-
nation of alleles that produce a temperature-sensitive
Staufen protein, thus permitting a demonstration that
the gene product is needed in the period soon after
training to be effective. The issue of a critical period for
these effects is especially relevant, given that all of
these genes are capable of affecting development and
viability: staufen, oskar, and pumilio were isolated orig-
inally as maternal-effect genes, certain alleles of which
produce grossly abnormal embryos when the mother
is mutant [14], and the one pre-existing allele of eIF5C
has severely reduced viability [15].
The finding that genes known for their involvement
in embryonic pattern formation are also implicated in
long-term memory formation is perhaps unexpected,
but not out of line with the increasing evidence that
pleiotropy (multiple use) of genes affecting behavior is
universal [16]. Similarly, we may integrate the finding
that as many as 60 genes can mutate to affect long-
term memory and 42 genes can show expression-
dependence on spaced training into the emerging
evidence that gene action, particularly as it impinges
on behavior, does not occur in isolation but rather as
part of wide-ranging networks [17].
The findings of Dubnau et al. [12] lend powerful,
independent support to current ideas on the need for
new, localized gene expression to bring about selec-
tive stabilization and modification of particular
synapses and dendrites as a consequence of training
[18,19]. There is a danger, however, in being lulled into
the molecular bliss of thinking that genes and gene
action are a sufficient explanation of memory. Memory
is a process — a dynamic re-enactment fraught with
all of the vagaries and inaccuracies that re-enactment
entails [20] — and not a static record of modified
synapses. The synaptic plasticity affected by these
genes is a prerequisite for memory, but not the
memory itself, any more than McConnell’s RNA was
memory itself. But at least now we are closer to
seeing the range of genes and cellular mechanisms
that make long-term plasticity possible.
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